. We develop estimates of total factor productivity TFP change in the New England Ž groundfish fishery from 1964 to 1993, using a procedure similar to Squires' 1992 1 This work is a result of a research project on marine sector productivity supported by the Alfred P.
INTRODUCTION
Productivity change is an important indicator of an industry's performance. w x Understanding productivity change is very important to fisheries management 31 since productivity allows fisheries to become more competitive but also places additional harvest pressure on fish stocks. Because it is not a measurable input or output and is virtually impossible to control, productivity growth adds considerable complication to fisheries management. Productivity measurement can provide useful information about effective fishing effort, as opposed to nominal measures w x of effort such as catch per day at sea 31 .
In this paper, we examine productivity in New England otter trawl fisheries. Otter trawl gear 2 is the dominant means for harvesting groundfish in this region. We selected the New England groundfish fishery for three reasons. First, there has been no long-term quantitative analysis of productivity change in the fishing industry because of data problems. For most fisheries, long-term historical stock data do not exist. New England fishing grounds have been among the most productive in the world, and historical landings, effort, and stock data have been well documented, which makes our study feasible. 3 Second, over the period of Ž . analysis 1964᎐1993 the fishery was open access. The industry's performance depends on the abundance of the stocks of commercially valuable species. By including the stock factor, we are able to examine the effect of changing resource conditions on the groundfish industry's productivity. Finally, the industry has experienced substantial changes in management institutions and regulatory instruments in the past 30 years.
Ž . Prior to the establishment of the Exclusive Economic Zone EEZ in 1977, the New England groundfish fishery was essentially unregulated. Productivity change during this period may be expected to have been largely influenced by market-driven factors. From 1977 to 1982 the fishery was managed under output quotas for the three most important species: cod, haddock, and yellowtail flounder. Under quota management, investment and fishing decisions were distorted by incentives to take quotas as quickly as possible. Dissatisfaction with quota management led to its abandonment in 1982 in favor of indirect effort controls such as minimum fish sizes and fishing gear restrictions. Although input controls are designed to reduce fishing mortality, they generally do so by inhibiting the efficiency of fishing technology. Thus, the study period covers three distinct periods representing watershed changes in management that may have important implications for productivity change in the New England groundfish fishery. By estimating the changes in total factor productivity during this period, we can draw inferences about regulatory impacts on the industry.
The remainder of this paper is organized as follows. Section 2 presents the methodology used to develop total factor productivity estimates. Section 3 describes the fishing industry as well as data sources and compilation processes. 2 
Ž
. The otter trawl is an underwater net with one closed end known as the cod end and one open end acting as a giant mouth, capturing all fish in front of the net. At the sides of the net are flat ''wings'' or trawl doors, often metal pieces, designed to spread the net's opening or ''mouth'' to its maximum as it is pulled through the water column. To determine where in the water column the net fishes, weights or bars are added to, or removed from, the front of the net. 3 We understand that our data do not capture undocumented landings which may be significant
Estimation results are presented in Section 4. Section 5 discusses the management and technical factors affecting changes in productivity. Conclusions and summaries are included in Section 6.
METHODS

w x
In this study, we use a procedure developed by Squires 30 
where e is the elasticity of output with respect to input X . 5 Note that the third X j j term on the right-hand side captures the stock fluctuations. That is, the changes in productivity are explained not only by changes in output and input levels, but also by changes in stock size. Ž . Equation 2 is the fundamental equation of growth accounting in its continuous w x time, Divisia index form 17 . In empirical practice, the continuous growth rates can w x be replaced by Tornqvist approximations 16 .
Because the New England groundfish fishery is a multispecies fishery, we have Ž . Ž . outputs of m species Y , i s 1, . . . , m and n inputs X , j s 1, . . . , n . The price i j Ž . of Y is p and the cost of X is p . The Tornqvist approximation of 2 is
Ž .
i 4 We will not examine the effect of changing catchability due to lack of data. For different forms of w x production functions in fisheries, see Hannesson 15 . 5 Since e is not observed, it cannot be used for empirical analysis. Usually, we assume that factor X j w x w x inputs are paid the value of their marginal product 32 . Conrad et al. 5 showed that although in Ž . fisheries crew and captain were compensated through a ''lay system'' see footnote 8 , they did receive approximately the value of their marginal products.
Ž .
where S is the revenue share of species i, S is the cost share of factor j, and B
is the abundance of the stock of species i. Ž . The last term in 3 represents changes in stock abundance. As explained by w x Squires 30 , the productivity residual is biased without disentangling variations in Ž . stock B . In a normative analysis such as a social planner's problem, there is a sole Ž . owner planner , and B is one of the control variables. B should then be weighted i by the cost share of the stock of species i based on its shadow value. In contrast, our approach is a positive analysis of an open-access fishery, B is not a decision variable of fishing firms, and proportional changes in abundance are simply pared away from the conventional productivity residual without weighting by cost shares.
Ž . The stock abundance of species i B is weighted by the corresponding revenue i share associated with Y . Thus, in developing an aggregate stock index, species with i higher value get greater weight. After accounting for the stock effect, the residual may be explained by other factors, such as regulatory impacts and technical change.
Ž . Equation 3 does not include the production of the foreign fleet that harvested a significant portion of some New England groundfish stocks before 1976. This may create a bias in our TFP estimates for that period. However, explicit inclusion of the foreign fleet is not feasible due to lack of economic data.
During our study period, the groundfish fishery was a regulated industry. Both inputs and outputs were controlled by various regulations. Several factors may significantly affect the productivity of a regulated industry: economies of scale, biased technical change, nonmarginal cost pricing, and capacity utilization, among w x w x others 6 . Using a cost function approach, Denny et al. 8 have demonstrated that Ž TFP may be decomposed to separate the effects of technical change shift in the . Ž . cost function , scale economies moving along the cost function , and nonmarginal cost pricing. We are not able to estimate these effects explicitly here, since we do not have sufficient cost information.
Capacity utilization is an additional source of variation in output, which might be w x attributed to TFP growth if not recognized and treated specifically 20 . Capacity utilization based on an economic definition of capacity 6 has been addressed in a w x number of studies 3, 16 . When the actual output is not equal to capacity output, Ž . the cost of quasi-fixed inputs p should be adjusted, and corresponding shares X Ž . S should be changed.
Ž . In our study, we first develop TFP estimates with the use of Eqs. 3 and 4 . We then perform sensitivity analyses to address the issue of capacity utilization. Specifically, we develop another set of TFP estimates with an approach described w x by Hulten 16 : Ž . and short-run cost C , X is the quasi-fixed input, and
is the TFP estimate, assuming that ⌺ p X in 4 represents long-run cost.
X j j w x According to Hulten 16 , with capacity under-or over-utilization, the total cost reflects short-run cost and not long-run equilibrium cost. The short-run cost Ž . captures capacity utilization and inefficiency in production. Thus, Eq. 5 provides TFP estimates corrected for both capacity utilization and stock effects.
INDUSTRY AND DATA
To estimate the changes in total factor productivity in fisheries, three sets of Ž . Ž . data are required: output quantity Y and value p by species; factor input Y Ž .
Ž . Ž . Ž . quantity X and cost p such as vessel cost ; and stock size B . The industry X Ž . consists of fishing firms vessels . While industry output data are relatively easy to obtain, input cost data are not available for all vessels in all years. Our cost data w x are generated through a hedonic cost function approach 18 and by combining cost information for different periods from several sources.
Species
To develop systematic estimates of productivity changes in the New England groundfish fishery during the 1964᎐1993 period and to make data processing manageable, we selected 13 representative groundfish species based on their current and historical contributions to the total value of groundfish landings and w x on data availability 23 . The 13 groundfish species are listed in Table I , with average revenue shares in four different time periods. We are confident that our productivity analysis based on these 13 species captures the trend of productivity growth in the New England groundfish fishery as a whole, since the analysis includes all major species examined by previous studies w x 10, 29 . Nevertheless, exclusion of other species from the study may lead to biases in our estimates.
Outputs and Inputs
Output and input data for the 13 groundfish species were extracted from the Commercial Fisheries Database System maintained at the National Marine Fishw x eries Service Northeast Fisheries Science Center 26 . There have been some changes in data format and coverage during the study period. For example, the database coverage has expanded from only three states in the 1960s to 11 states in the 1990s. Also, the number of variables describing specific features of each fishing Ž . trip e.g., vessel, gear, and operation has been expanded since 1982. We used three sets of NMFS data: 1964᎐1981 trip-level output and input data, 1982᎐1993 trip-level output data, and 1982᎐1993 trip-level input data. The last two data sets were merged by trip identification numbers.
For the 30-year period, complete data were usable for three New England states: Maine, Massachusetts, and Rhode Island. Thus, our sample included information pertaining to all trips registered at ports in these three states. The output variables were quantity and value of landings of the 13 species in each trip. The output data were aggregated into annual measures of quantity and value by species. The values were converted to 1993 dollars by using chain-type price indices for gross domestic product. To develop corresponding input estimates, we used three variables: vessel identification number, vessel tonnage class, and the number of days absent from port for a fishing trip. This enabled us to construct aggregate measures of the number of vessels in each tonnage class by year, and the number of days absent by w x tonnage class and by year. Following the NEFSC 23 , tonnage class was broken down as follows: Class 1: vessels under five tons, Class 2: vessels between five and 50 tons, Class 3: vessels between 51 and 150 tons, and Class 4: vessels above 150 tons. Prior to 1994, fishing activity for Class 1 vessels was not reported on an individual vessel basis. Therefore, data for Class 1 vessels were excluded from the analysis.
Between 1964 and 1975, landings declined by 54%, largely because of overfishing Ž . by foreign vessels Fig. 1 Of the 13 groundfish species, the most important in terms of quantity of landings were cod, yellowtail flounder, silver hake, redfish, haddock, and winter flounder. In terms of revenue, the most important species were cod, yellowtail flounder, winter Ž . flounder, haddock, and American plaice see Table I .
Between 1978 and 1983, vessel numbers increased in all three tonnage classes, Ž . with the greatest increase in the larger vessel size categories Fig. 2 . For example, the number of Class 4 vessels nearly tripled from 39 in 1978 to 107 in 1982. As new vessels entered the fleet, new technologies were introduced into the industry. increased through much of the late 1970s and mid-1980s. This expansion was assisted by government policies subsidizing the development of the U.S. fishing w x industry 13 .
The total number of days absent by all vessels increased by 54% between 1977 Ž . and 1985 Fig. 3 . The number of days absent for Class 4 vessels nearly tripled from 6,219 days in 1977 to 17,342 days in 1986. Most of the increase was associated with the increased number of vessels.
A small number of observations were deleted from the data to ensure that output matched input. In most cases, an observation was trimmed due to missing data for one of the output or input variables. In other cases, observations were deleted if they were considered outliers for this study.
Costs
A complete time series of cost data for the study period was not available. Many previous studies employed some type of equilibrium assumption and derived costs w x from revenue data 10 . Other studies developed estimates for major cost components, such as labor, fuel, and vessel, using data from the Bureau of Labor w x Statistics 30 . There are several historical cost and earnings studies for the New England groundfish fishery. For example, the National Marine Fisheries Service w x w x 21 reported cost and earnings data. Also, Crutchfield and Gates 7 examined costs and returns between 1976 and 1982.
In this study, cost estimates were generated by an approach that integrated available historical cost information from several sources for different periods. 
Here FC is the annual fixed cost per vessel; VC is the variable cost per vessel per day absent; and LC is the labor cost per vessel per day absent. The labor cost is crew share and other relevant costs in a lay share system. 8 To develop cost functions, we first group individual cost items from historical Ž . Ž . surveys into annual fixed cost FC , variable cost per day absent VC , and labor Ž . cost per day absent LC . Then, all costs are converted into 1993 dollars, using chain-type price indices for gross domestic product. Finally, different functional forms are tested to seek the best specifications, using model selection techniques such as the stepwise method. For the 30-year study period, we use three sets of models for three periods: 1964᎐1974, 1975᎐1981, and 1982᎐1993. 9 As noted, for each year and vessel tonnage class, two variables affect fishing Ž .
10
effort in the production function : number of vessels and number of days absent. To develop corresponding cost estimates, we calculated the number of days absent for each vessel in each year. Then, annual variable and labor costs were generated for each vessel. Finally, total annual fixed, variable, and labor costs for a tonnage class were calculated as the sum of vessel-level costs in that class. Data gaps were bridged using cost indices from government agencies. Norton et w x al. 25 argue that the rate of change for all cost components except fuel and Ž . interest can be represented by the Bureau of Labor Statistics BLS producer price index for industrial commodities. The change in interest rate can be represented best by the prime rate for short-term business loans. Fuel price changes can be represented by the BLS producer price index for petroleum products. Based on NMFS cost data, fuel cost accounts for 50% of variable costs and interest accounts w x for 30% of fixed costs. Like Norton et al. 25 , we assumed that the wage rate could be represented by the producer price index for industrial commodities, which has a lower rate of increase than the wage rate in manufacturing. 11 Fixed, variable, and labor cost shares for the groundfish fishery from 1964 to 1993 are shown in Table II . At the fleet level, the labor cost share is the largest, 7 Information on vessel characteristics was obtained from NMFS. 8 
Ž
. Each trip's gross revenue is divided among vessel maintenance and owner , captain, and crew Ž . according to fixed percentages. Trip expenses e.g., fuel, food, and ice are paid out of the crew's share; what is left after expenses becomes the crew's wages. 9 Specific cost functions for different years are described in a working paper by the authors and available upon request. 10 Ideally crew should be treated separately. Unfortunately, this was not possible due to lack of data. 
Fish Stocks
Ž NMFS research vessel survey abundance indices i.e., mean number of fish per . tow or mean weight per tow for the 13 groundfish species were used as proxies for stock size. 12 The survey abundance indices are total catch per tow and are relative measures of total biomass. While TFP is derived from the harvestable portion of Ž . the biomass, the two measures total and harvestable , as well as spawning stock biomass, are highly correlated. As such, use of a total biomass index probably does not seriously bias the results. 12 The NEFSC spring and autumn surveys cover the entire Northeast continental shelf. Therefore, Ž the New England groundfish catch-per-tow data include southern New England, Georges Bank i.e., . U.S. and Canadian portions , and the Gulf of Maine. NMFS survey data were weighted by survey area to account for differences in abundance of the same species across differing stock areas. Abundance indices for Ž . 12 of the 13 species all except summer flounder were based on 1964᎐1993 NMFS autumn survey mean weight per tow values. 13 For summer flounder, spring survey w x mean weight per tow indices from 1968᎐1993 were used 24 . The summer flounder abundance indices during 1964᎐1967 were extrapolated using regression techniques. 14 Although the abundance indices are weighted by revenue shares of corresponding species in the TFP analysis, the sum of the NMFS survey abundance indices Ž provides a better indicator of resource conditions over the period of analysis Fig. . 4 . Groundfish stocks declined over the study period. By 1990᎐1992, fishing Ž mortality rates for the three major groundfish species cod, haddock, and yellowtail . w x flounder were twice as great as the management targets 2 .
RESULTS
The total factor productivity change in the New England groundfish fishery without accounting for stock effects is shown in Table III Fig. 1 , while Ž . effort e.g., U.S. fleet size remained relatively constant. The largest increases in Ž . Ž . number of vessels Fig. 2 and days absent Fig. 3 occurred between 1977 and Ž . 1980. The largest reductions in TFP 24.8% and 21% , caused by marked declines 13 The data were provided by Wendy Gabriel and Katherine Sosebee in personal communications. 14 Abundance indices of haddock are used as the independent variable, since the two stock indices are correlated. . Over the 1964᎐1993 study period, TFP increased annually by 4.4% when stock changes were taken into account, as opposed to a 6.6% annual reduction when changes in the resource stock were not considered.
Sensitivity analysis results are also included in Table III 
DISCUSSION
The changes in total factor productivity of a fishery are affected by changes in Ž . Ž Ž . . output landings , inputs, and stock levels Eq. 2 . Landings are determined by Ž Ž .. effective fishing effort and stock size Eq. 1 . Inputs and outputs are regulated, and stock levels are reduced most notably by overfishing. Thus, changes in management and regulation influence TFP directly through inputs and outputs and indirectly through their effect on stocks.
The New England groundfish fishery resource has been overfished during two historical periods. The first period occurred during the early 1960s, when U.S. and distant water fleets, particularly factory trawlers from the Soviet Union, depleted the major stocks of haddock, cod, yellowtail flounder, and others. A second period of overfishing occurred during the 1980s, brought on by the U.S. fleet. Ž In addition, the U.S. fleet lost its access to ICNAF International Convention for . the Northwest Atlantic Fisheries Subarea 4 in 1977, and to a portion of Georges Bank after the establishment of the Hague line in 1984. These two actions not only reduced domestic stock abundance but also the availability of fishery resources to New England trawl vessels.
Between 1964 and 1993, the management system for New England groundfish has evolved from relatively weak effort controls to reliance, at different times, on extensive output and input controls. Output controls include total allowable catch Ž . Ž . TAC , while input controls include gear restrictions e.g., minimum mesh size . Over the entire time period of our analysis, TFP increased, but none of the management approaches succeeded in stopping the decline in abundance of the most important stocks. By 1990᎐1992, fishing mortality rates for the three major Ž . groundfish species cod, haddock, and yellowtail flounder were twice as great as w x the management targets 2 . Decades of overfishing have resulted in the loss of billions of dollars to the New England economy; if groundfish stocks were rebuilt, w x the catch could increase significantly with lower effort 10 .
Since the interim groundfish fishery management plan from 1982 to 1986, there has been a dramatic increase in regulatory activity. The Northeast multispecies fishery management plan was approved in 1986 and has since been amended 12 times. Management actions have imposed restrictions on trip limits, mesh size, and days at sea and enacted several area closures. Many, if not all, of these actions have resulted in regulated inefficiencies. These regulatory instruments played a H Ž significant role in the annual decline in TFP TFP adjusted for stock and capacity . Ž . utilization from 1983 to 1993 Table IV . The other important factor affecting productivity growth is technical change. In the study, we have used a Tornqvist index to estimate total factor productivity change. Tornqvist indices are very simple to compute and have been widely used in w x the literature 9, 30 . There are other indices that allow greater decomposition of TFP. A Malmquist index could be decomposed relative to technical change, w x efficiency change, and capacity utilization 11, 12, 19 . Future studies using Ž Malmquist indices may link specific contributing factors e.g., technology, effi-. ciency, scale economy, and utilization to changes in TFP.
CONCLUSIONS
New England groundfish fisheries have experienced significant changes in management institutions and instruments during the past 30 years. Declines in several important commercial fish stocks have heightened public debate over fisheries Ž . management. We have developed estimates for total factor productivity TFP change in the New England groundfish fishery from 1964 to 1993, using a w x procedure similar to Squires' 30 method, which extends standard TFP measurement by including the effect of changes in stock abundance. w x Our study leads to two conclusions. First, as Squires 30 has shown, stock effects should be included in estimations of TFP changes in fisheries to avoid biasing the estimates. For example, our results indicate that without accounting for stock effects, on average, TFP declined by 6.6% annually over the 30-year period. When 15 
Ž
The conveyer significantly improved on-board fish handling and sorting John Tarasevich, personal . communications . stock variations are included, the 30-year average TFP change shows an annual increase of 4.4%. Sensitivity analysis suggests that the TFP estimates are quite robust. Correcting for capacity utilization and short-run disequilibrium, the esti-Ž H . mates of total factor productivity TFP growth rate differ only slightly from our initial stock-adjusted estimates.
Second, productivity change may be affected by fishery management policy. Although the analytical methods employed herein do not permit explicit consideration of management effects, the relationship between productivity change and management regime is striking. From 1964 to 1976 productivity increased by 5.71%. This corresponds to a period of declining output but relatively little change Ž . in input in terms of both fleet size and effort days absent . Productivity growth Ž . 10.36% from 1977 to 1982 was almost double that of the previous time period, as both output and input increased substantially under a quota management regime.
Ž . While other factors also played a role fleet modernization, for example , quota management has provided a strong incentive to take fish as rapidly as possible. In contrast, input controls place constraints on the use of fishing technology. This effect is apparent in the stagnation in productivity growth from 1983 to 1993.
These observations should not be interpreted as suggesting that the quota management period of 1977 to 1982 was superior to that of input controls from 1983 to 1993; neither was able to forestall groundfish stock declines throughout both periods. The critical distinction between the two is that the input management Ž . regime 1983᎐1993 not only failed to conserve groundfish stocks, but also stymied Ž productivity growth. Pursuit of a deliberate policy to stifle productivity and hence . income growth would be difficult to justify in industries where property rights are fully specified, yet it is commonplace in fisheries.
Rising TFP leads to higher income to fishermen. Healthy resource conditions are a precondition for sustained increases in income and economic well-being. New England groundfish management policy from 1964 to 1993 was unable to strike a balance between productivity growth and resource health. Striking this balance is equally challenging today. 
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